Visible-light-responsive layered titanium dioxide/tin indium oxide (TiO 2 /ITO) catalysts prepared on unheated glass slides by DC magnetron sputtering were investigated in this study. Transmittance spectra of the catalyst revealed that an interference pattern gradually appeared at wavelengths of 550-650 nm which indicated a strong light absorption up to this region. The red-shift may be ascribed to the difference in both compositions and phase structures of the layered catalyst. X-ray diffraction (XRD) and scanning electron microscopy (SEM) exhibited a strong columnar growth morphology with highly faceted grains and a distinct (211) texture. Selected area electron diffraction (SAED) measurements also confirmed the crystalline nature of the layered catalyst. The SIMS elemental depth profiles showed that tin atoms permeated into the overlaid TiO 2 film. This could be resulted from the diffusion of tin from the intercalated ITO thin film during the TiO 2 deposition. It suggested that the tin atoms played an important role on the microstructure formation and on the catalytic property of the layered catalyst. This was also confirmed by the cross-sectional TEM images where a layer of crystalline anatase TiO 2 grown epitaxially above the intercalated ITO thin film was observed. In addition, a better crystalline TiO 2 film with larger grains of 120-180 nm and a higher specific surface area of 1.55 was obtained on successively coated ITO substrate. The layered catalysts showed significant photocatalytic activity on methylene blue (MB) degradation illuminated by ultra-violet (UV 365 nm) and visible light (420 < < 620 nm) sources. A preliminary study on water splitting for hydrogen production showed that a noticeable amount of hydrogen was generated at Pt cathode by employing electrical potential (∼0.5 V) and UV-light and visible ( > 420 nm) sources via a TiO 2 /ITO anode.
INTRODUCTION
The production of renewable energies via direct conversion from solar energy has attracted much favorable attention in most recent years. Amongst various interesting fields, the cleavage of water into hydrogen and oxygen by sunlight is potentially one of the most promising ways. Since the discovery of photoelectrochemical splitting of water on titanium dioxide (TiO 2 ) electrode, 1 there have been numerous studies on TiO 2 semiconductors with the aim of efficiently converting solar energy into hydrogen.
Titanium dioxide is the most studied photocatalyst in the past three decades. It has various merits, such as favorable * Author to whom correspondence should be addressed. optical and electronic properties, low cost, high photocatalytic activity, chemical stability and non-toxicity. 2 However, TiO 2 catalyst requires the incident light with energy higher than the band gap energy of 3.2 eV, corresponding to wavelengths no less than 380 nm for anatase. Many efforts have been conducted to improve its photocatalytic activity and lower its band gap energy. Combining two different semiconductors with suitable conduction and valence bands could induce collection of the photogenerated electrons and holes on the different semiconductor composites and enhance the redox reactions of the electrons and holes, respectively. Heterogeneous composites with suitable conduction and valence bands could offer possibilities to the development of novel materials. In this case, properties of the composite obtained often cannot be considered as a simple superposition of the properties of the pure components. Atomic interactions and/or interdiffusion within the composites should be considered. We previously reported that the layered TiO 2 /ITO films prepared successively by using twin DC magnetron sputtering technique showed UV-induced superhydrophilicity and built-in energy storage capability in dark as well. 3 Regarding to improving the photocatalytic activity of catalyst and lowering its band gap energy, we further reported the successive deposition of visible-lightresponsive TiO 2 /ITO films using twin DC sputtering technique in this study.
EXPERIMENTAL DETAILS

Sample Preparation and Characterization
Layered TiO 2 /ITO films were deposited on unheated glass slide (25 × 75 × 1 mm) substrates using an in house pulsearc plasma-aided twin DC magnetron sputtering system in a chamber with dimensions W300 × D300 × H400 mm. This four-magnetron system consists of opposite vertical twin targets each of dimensions 400 × 100 × 6 mm, which was operated in a class 1000 clean room. In this work, the ITO films were initially deposited onto unheated rotating glass substrates using a pair of vertical ITO targets, 90 wt% In 2 O 3 and 10 wt% SnO 2 on one side of the chamber. The base pressure was set to 1 2 × 10 −3 Pa, whereas the sputtering pressure of 0.11 Pa was maintained as the reactive argon-oxygen gas mixture (2% oxygen) was introduced. After the desired thickness of ITO film was obtained, the substrate holder was rotated 180 towards the other side of another pair of vertical titanium targets (99.5% purity) for the formation of overlaid TiO 2 film. The deposition sequence is repeated as many times for making sandwich-type catalysts, as it is desired. The base pressure was still set at 1 2 × 10 −3 Pa, whereas the sputtering pressure of 0.27 Pa was maintained during the overlaid TiO 2 deposition. The target-tosubstrate distance was kept at 60 mm during the layered TiO 2 /ITO film deposition. In this study, two types of layered TiO 2 /ITO films were prepared: (1) s-TiO 2 /ITO film consists of a 200 nm-thick intercalated ITO layer and a 4.8 m-thick overlaid TiO 2 layer; (2) d-TiO 2 /ITO film is a sandwiched structure with a total 5 m thick, i.e., two sets of TiO 2 /ITO films successively depositing on each other. The deposition duration lasted about 180 min. All samples were prepared on glass substrates without additional heating and post heat treatment, except the mono ITO sample which was annealed at 250 C in a vacuum atmosphere.
The crystal structures of the samples were analyzed by X-ray diffractometry (XRD) using a BEDE D1 diffractometer. The topography of samples was analyzed using an atomic force microscope (AFM, SPI 3800N, Seiko Instruments Inc.) with a scan resolution of 512 × 512 pixels over an area of 1 × 1 m. The microstructure of the films was investigated by a scanning electron microscope (JEOL JSM-6700F) with an operating voltage of 5 kV and by transmission electron microscopy (TEM, Philips Tecnai 20, 200 KeV) with point to point resolution of 2.48Ǻ and fully digitalized imaging system. In order to evaluate the elemental depth profiles of the samples, secondary ion mass spectrometry (SIMS, Cameca IMS-6f) using an O + 2 ion beam were used. A UV spectrophotometer (Hitachi UV-2001) was used to measure the light transmittance of the samples, where a blank glass slide was used as reference.
Photocatalytic Activity
The photocatalytic activity of the samples was evaluated by immersing the samples of size 25 × 65 mm into 30 ml aqueous methylene blue (MB) solution of concentration 10 ppm in a visible-light cylindrical Pyrex reactor under illumination of various light sources. Two sets of lightemitting-diodes, blue LED (BLED, 420 < < 530 nm) and green LED (GLED, 450 < < 620 nm), were chosen as the visible-light sources. The average intensity of the BLED and GLED were about 1.2 and 2.5 mW/cm 2 (spectrophotometer, Ocean Optics USB2000) with the peaked wavelength at 470 and 530 nm, respectively. A black-light lamp (365 nm) with average light intensity 1.2 mW/cm 2 (UVX Radiometer, UVX-25) was used as the UV-light source.
A background of MB degradation was always carried out under the specified irradiation with a blank sample. The photocatalytic degradation rate under the same irradiation was calculated by subtracting the background concentration. The transmittance of the solution was measured by a Shimadzu UV-1601 spectrometer at a wavelength of 664 nm. Subjecting to no stirring motion, all experiments were carried out in solution of natural pH (6.80) at a laboratory temperature of about 25 C.
Details of photocatalytic tests on the layered TiO 2 /ITO films for the oxidation of acetone were describe in Ref. [4] . In brief, the photocatalytic decomposition of acetone were performed at a concentration of 360 ppm at temperatures of 45-50 C and 50% humidity using a 500-ml reactor. The acetone vapor was allowed to reach adsorption equilibrium with the catalyst in the reactor prior to UV and visible-light irradiation.
In order to effectively separate the photogenerated electrons and holes for maximum reaction yield on photosplitting of water, the experimental configuration was arranged in a closed circuit photoelectrochemical cell employing a layered TiO 2 /ITO anode and a Pt cathode in 1.0 M NaOH aqueous solution as shown in Figure 1 . 5 A small external electrical potential (∼0.5 V) was applied to the cell. The photo excitation of the TiO 2 /ITO anode
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Visible-Light-Responsive Layered Titanium Oxide/Tin Indium Oxide Catalysts for Hydrogen Production induces electrons from TiO 2 valance band into its conduction band. The electrons that flow through the external circuit to the Pt cathode reduce water molecules to hydrogen. At the same time, the holes that remain in the TiO 2 /ITO anode oxidize water molecules to oxygen. Hence, the photo-splitting of water can take place stoichiometrically. Figure 2 shows the UV-vis transmittance spectra of samples s-TiO 2 /ITO and d-TiO 2 /ITO where pure TiO 2 and 250 C-annealed ITO samples are also presented for comparison. Swanepoel et al. 6 have reported that the interference fringes of the transmittance disappear in the region of strong absorption for a uniform thickness film, though a rougher surface may enhance the interference fringes to certain degree. Hence, both the s-TiO 2 /ITO and d-TiO 2 /ITO films exhibited a strong absorption in the visible region at wavelengths up to about 550 and 650 nm, respectively, while the pure TiO 2 film had a strong absorption less than 360 nm, as shown in Figure 2 . Although the UV absorption edge of anatase TiO 2 film is thought to be located at approximately 380 nm, the s-TiO 2 /ITO and d-TiO 2 /ITO films showed a plateau-like transmittance curve, which indicated a higher defect density near the band edge. 7 The visible-light absorption revealed by the layered TiO 2 /ITO films were similar to that by the pure TiO 2 films prepared at 600 C-heated substrate by radio frequency sputtering technique. 8 Anpo et al. deduced that the visiblelight enabling absorption of the pure TiO 2 films was due to a decline of the Ti 4+ /O 2− ratio inside the structure, which produced a profound effect on the electronic structure perturbation of the films. It is worthy noting that the layered TiO 2 /ITO films deposited on glass substrates without additional heating appeared transparent and milky green (as implied by the curves in Fig. 2 ). These may be the results of more oxygen vacancies or tin diffusion induced by the intercalated ITO thin film during the prolonged duration of TiO 2 deposition. The strongest absorption in the visible-light observed for sample d-TiO 2 /ITO may be attributed to the longest deposition duration among all samples. Anatase TiO 2 crystalline films grown on industrial ITO substrate with thickness up to 5 m exhibited a (001) preferential orientation, but no change of optical properties was reported. 9 However, change of optical properties in the visible-light absorption was observed in this study. The red-shift may be ascribed to the difference in both compositions and phase structures of the layered catalyst. This will be further discussed in Section 3.2.
RESULTS AND DISCUSSION
UV-Vis Transmittance
Structural Studies
As presented in Figure 3 , sample s-TiO 2 /ITO appeared primarily in the well-crystallized anatase phase with the preferential peaks of (101), (112) and (211) and crystallized ITO phase with the preferential peaks of (222), (400) and (440). Sample d-TiO 2 /ITO also showed the cm with lattice parameter a = 10 118Ǻ. 10 11 For the better electrical conductivity Sn 4+ was doped in In 2 O 3 ; the substitution of Sn 4+ for In 3+ produced oxygen vacancies and free electrons. 10 The optical band gap of the ITO films using the DC reactive magnetron sputtering technique increased from 3.64 to 3.78 eV with the increase of the substrate temperature from 373 to 673 K, respectively. 12 In general, lattice parameters of ITO films are affected by several causes, e.g., increase in internal or thermal stress, the interstitial lattice defect, and the incorporation of argon and Sn atoms in the In 2 O 3 lattice. 13 As indicated in Table I , the lattice parameters of the intercalated ITO thin film for sample s-TiO 2 /ITO decreased to 10.099Ǻ, while that for sample d-TiO 2 /ITO showed a relatively larger number of 10.135Ǻ. As compared with a typical value of 10.125Ǻ reported in the literature, 11 the decrease of the lattice parameters was considered to be caused by the improvement of the crystallinity 13 and/or fewer substitutional Sn atoms into the intercalated ITO thin film. The decrease in tin concentration with increasing substrate temperature, in other words, prolonged deposition duration in this case, is considered to cause the increase of tin segregation at the surface of the ITO lattices. Thus, the lattice parameter decreased.
It has been reported 14 that there was no chemical interaction between indium and titanium oxides of the TiO 2 -In 2 O 3 composite films annealed at temperatures up to 700 C. The suppression of the anatase crystallite growth during the thermal treatment was attributed to the thermodynamic stability of the TiO 2 phases at particle diameter below approximately 11 nm.
14 On the other hand, the work done by Granqvist et al. implied that the conducting 16 It suggested that tin might play an important role on the microstructure formation of TiO 2 film.
Secondary ion mass spectrometry (SIMS) depth profiles enabled the composition analysis of thin films in great detail. The SIMS elemental depth profiles of sample s-TiO 2 /ITO are displayed in Figure 4 . Notice that tin permeated into the overlaid TiO 2 layer, but indium seemed to be absent. On the other hand, tin diffusion could be clearly seen in the first overlaid TiO 2 layer, but it was rarely seen in the second overlaid TiO 2 layer for sample d-TiO 2 /ITO, as shown in Figure 5 . The tin intensity in the first intercalated ITO layer was obviously lower than that in the 
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Visible-Light-Responsive Layered Titanium Oxide/Tin Indium Oxide Catalysts for Hydrogen Production second layer. As shown in the literature, 11 the maximum solubility of Sn-atoms in the In 2 O 3 lattice is reached at approximately 5-6 at.%. All these facts imply that the tin atoms in the TiO 2 layer diffuse from the intercalated ITO thin film during the overlaid TiO 2 formation.
The migration of substrate species, such as Na and Si in glass substrate, into the lattice of the growing TiO 2 film is a well known diffusion phenomenon in the deposition of TiO 2 films. Moreover, Atrei et al. 17 have shown the evidence of the diffusion of unsaturated Sn atoms from SnO 2 substrate onto the surface of the growing vanadium oxide film during the deposition process. The non-stoichiometric SnO 2 surface may have a tendency to diffuse on the surface of the vanadium oxide film during the deposition process. All the results of SIMS depth profiles suggest the presence of tin atoms in the lattice of the overlaid TiO 2 film. Thus, one may conclude that the growth mechanism The evolution of the microstructure in the direction of film growth was revealed on the cross-sectional TEM image of sample s-TiO 2 /ITO, as shown in Figure 6(a) . One can clearly observe that sample s-TiO 2 /ITO consisted of a total thickness of about 5.0 m and 180 nm for the overlaid TiO 2 and intercalated ITO layers, respectively. A close-up of the TiO 2 and ITO interface is shown in Figures 6(b and c) . One can see that the TiO 2 layer growth initiated with a very thin amorphous mixing layer. The nucleation of first columnar anatase crystallites could be identified at a distance of approximately 10 nm apart from the TiO 2 and ITO interface. These crystallites were grown epitaxially up to a thickness of approximately 220 nm, as shown in the middle of Figure 6(b) . This crystalline layer, not seen elsewhere in literature, 15 18 might be promoted by the effect of tin diffusion permeating from the intercalated ITO layer. A thickness of about 680 nm amorphous TiO 2 layer was then formed thereafter (at the bottom of Fig. 6(b) ). At a thickness about 4.2 m the TiO 2 layer formed the well-crystallized anatase phase. As shown in Figure 6(d) , the grain size of TiO 2 film near the surface was between 120 and 180 nm, which corresponded very well with the SEM images shown in Figure 7(a) . With further analysis on the interface, Figure 6 (c) revealed the anatase [111] TiO 2 phase along with amorphous rings and appeared very high defect density. The corresponding selected area electron diffraction (SAED) revealed the polycrystalline anatase phase (figure not shown). Although some tin was detected in the overlaid TiO 2 layer over the intercalated ITO film shown in the SIMS elemental profiles, the TEM image of Figure 6 (c) indicated no sign of segregation of impurity phase near the interface; Sn atoms that diffused from the intercalated ITO thin film were homogeneously distributed in anatase TiO 2 lattice. Figure 7 shows the SEM surface morphology of (a) s-TiO 2 /ITO, (b) d-TiO 2 /ITO and (c) pure TiO 2 samples. The former two showed noticeable larger TiO 2 particles and a prismatic top structure, while the last one revealed relatively fine particles and smooth surface. These results were also supported by AFM measurements. The corresponding RMS roughness was about 39.2, 35.9 and 14.4 nm, respectively, as listed in Table I . The specific surface area was calculated to be in the range from 1.20 (pure TiO 2 ) to 1.55 (s-TiO 2 /ITO). The surfaces of TiO 2 films grown on successively coated ITO substrate had a higher RMS roughness than that grown on bare glass. This clearly indicated that better crystalline film with relatively rougher surface could be obtained on successively coated ITO substrate. It was reported that the above-mentioned morphological characteristics were most likely observed on TiO 2 films deposited at temperature not less than 600 C. 19 It may be concluded that the intercalated ITO thin film could promote the crystallite growth with closely packed columnar crystals and highly faceted grains. showed that the presence of metallic Ti precipitates in the DC-sputtered TiO 2 films significantly impaired the photocatalytic activity. 20 They related the fact to the TiO 2 thin films deposited at a higher deposition rate and on colder substrates than the other sample sets. Thus, Ti precipitates in the film could become recombination sites for photo-induced charge carriers. This could be one of the reasons that the s-TiO 2 /ITO and d-TiO 2 /ITO films, prepared at a slightly lower power and longer deposition duration, exhibited much better photo-induced activity on MB degradation under UV-365 illumination.
Surface Morphology
Photocatalytic Activity
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Visible-Light-Responsive Layered Titanium Oxide/Tin Indium Oxide Catalysts for Hydrogen Production Under visible-light illumination, BLED and GLED, the s-TiO 2 /ITO and d-TiO 2 /ITO films showed significant photocatalytic activity on MB degradation. This is shown in Figure 9 . They were relatively less active under GLED illumination, which was consistent with the UV-vis measurements shown in Figure 2 . The rate constants obtained from photocatalytic decomposition of acetone in air on sample s-TiO 2 /ITO were about 25.2, 18.7 and 15.6 ppm/h irradiated by UV-365, BLED and GLED illumination, respectively. 4 The results clearly indicated that the layered catalyst was active at wavelengths in the visible-light region.
Further investigation of the s-TiO 2 /ITO film on photosplitting water for hydrogen production showed that a noticeable amount of hydrogen was generated at Pt cathode by employing electrical potential (0.5 V) and UV-light and visible-light sources via a TiO 2 /ITO anode. As shown in Figure 10 , the s-TiO 2 /ITO exhibited a photocurrent of ∼5 A under BLED (420 < < 530 nm, 1.2 mW/cm 2 ) irradiation, as compared with ∼190 A obtained under UV-365 irradiation. This result implied that the layered s-TiO 2 /ITO film could act as an efficient photocatalyst on splitting water for hydrogen production under UV-light and visible-light irradiation as well. The conduction and valence bands of ITO were lower in energy than those of TiO 2 . According to a hybrid energy band structure, a 3.4 eV TiO 2 film coupled with a 3.4 eV amorphous WO 3 film, proposed by Higashimoto et al., 21 when optical excitation occurred the photo-induced holes would accumulate in the valence band of TiO 2 . Thus, the charge separation would take place effectively and the photo-induced electrons could be transferred to the surface so that the recombination of the photo-generated carriers was suppressed. Thus, when the layered TiO 2 /ITO structure with band energy of 3 2/3 6 eV was illuminated by UV light, the recombination of the photo-generated holeelectron was suppressed, resulting in better catalytic activity, as compared with the hybrid energy band structures with lower band energy of 2.8 eV. 21 22 On the other hand, the hybrid energy band structures with higher band energy of 3.8 eV, which was commonly observed in sputtered ITO thin films, could reduce the quantum yield of the hybrid TiO 2 /ITO structure. The superior photo-catalytic activity of s-TiO 2 /ITO film was attributed a suitable band energy of 3 2/3 6 eV resulting from the tin diffusion from the intercalated ITO thin film.
CONCLUSIONS
In this study, visible-light-responsive layered TiO 2 /ITO catalysts prepared on unheated glass slides by DC magnetron sputtering were characterized by UV-vis transmittance and XRD spectra, SEM and cross-sectional TEM images and SIMS elemental depth profiles. The photocatalytic activity of the samples was evaluated on degradation of MB solution and acetone vapor under UV-365 and visible-light illumination. A preliminary study on photosplitting water for hydrogen production was employed in a closed circuit photoelectrochemical cell in 1.0 M NaOH aqueous solution irradiated by UV-light and BLED sources.
The layered TiO 2 /ITO catalyst revealed that an interference pattern gradually appeared at wavelengths of 550-650 nm, as compared with a wavelength of 360 nm for the pure TiO 2 film. This indicated a strong light absorption up into visible-light region. The red-shift could be ascribed to the difference in both compositions and phase structures of the layered catalyst. The XRD spectra and SEM images exhibited a strong columnar growth morphology with highly faceted grains and a distinct (211) texture. Selected area electron diffraction (SAED) measurements also confirmed the polycrystalline nature of the layered TiO 2 /ITO catalyst. The SIMS elemental depth profiles showed that tin atoms permeated into the overlaid TiO 2 film. This could be resulted from the tin diffusion from the intercalated ITO thin film during the prolonged film deposition. It suggested that the tin atoms could play an important role on the microstructure formation of the layered catalyst. This was also conformed by the crosssectional TEM images where a layer of crystalline anatase TiO 2 grown epitaxially above the intercalated ITO thin film was clearly observed. It might enhance the photocatalytic properties on the visible-light absorption and catalytic activity as well. The better columnar crystalline TiO 2 film with larger grains, rougher surface morphology and enlarged specific surface area could be gained on successively deposited ITO substrate by twin DC magnetron sputtering technique.
The layered TiO 2 /ITO catalysts showed significant photocatalytic activity on MB degradation illuminated by UV-365 and visible light sources. A preliminary study on water splitting for hydrogen production showed that a noticeable amount of hydrogen and photocurrent was obtained at a Pt cathode and layered TiO 2 /ITO anode cell. These could be attributed to more perfectly formed crystallites and enlarged surface area in addition to its superior hole/electron separation inherent in the layered TiO 2 /ITO catalyst. Further improvement on hydrogen production is being undertaken in our lab.
